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INTRODUCTION 
A composite's strength is detennined by the interaction between the fiber and matrix. 
Since the matrix distributes the load onto and between the fibers it is important to know the 
respective volume amounts to insure proper load distribution. Studies [1] have been done 
relating axial tensile and axial compressive strengths to fiber volume fraction (FVF). 
Current methods to detennine FVF are destructive and time consuming. They involve 
removal of the matrix by heat or chemical digestion. In this work a thennal diffusivity 
measurement technique is investigated for the characterization of FVF in graphite composite 
plates. A thennal technique is advantageous since it is noncontacting, fast, and 
nondestructive. 
The use of a phase lag technique similar to [2], is used to make quantitative 
measurements of diffusivity. These measurements were on 16 and 32 ply composite plates 
with fiber volume fractions ranging from approximately 40 - 70%. Diffusivity 
measurements indicated a nonlinear relation between fiber volume fraction and measured 
diffusivity with diffusivity values ranging from 0.003 to 0.008 cm"2/ sec. This measured 
diffusivity is compared to a model for the effect offiber volume fraction on diffusivity. The 
model was then used to compute a measured FVF for a comparison to destructive test 
results. The implementation of the technique using a noncontacting, noncryogenic thennal 
diffusivity measurement system is described. In addition, the fabrication of the FVF 
samples is also described. 
DIFFUSIVITY MEASUREMENT SYSTEM 
The single point diffusivity measurement system used is shown in figure 1 and consists 
of three main components the heat source, temperature detector, and computer. The heat 
source is located on the opposite side of the detector for a through transmission 
configuration. The heat source is a 300 watt tungsten filament heat lamp which is 
controlled by the computer. The lamp radiation is condensed using a Pyrex lens and 
modulated by a computer controlled shutter. A Polyvinylidene (PVF2) pyroelectric detector 
was used to measure changes in infrared radiation. Pyroelectric detectors offer good 
sensitivity, are rugged, and inexpensive. The infrared detector operates on a change in 
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Figure 1. Single point thermal diffusivity measurement setup. 
temperature and since the lamp radiation was modulated no chopping was required. The 
detector area was 1 mm in diameter and the measured area (field of view) was 
approximately 10 mm in diameter. The interface electronics contained a high gain amplifier 
connected to a 2 pole low pass Bessel filter. The output of the detector and the input to the 
shutter were digitized at a rate of 256 points per modulation frequency period for four 
periods. The relative phase of the two signals was calculated from their Fast Fourier 
Transforms. The system was calibrated for a bandwidth between .1 - 2 hertz where the 
upper frequency cutoff was due to the mechanical delay of the shutter. Independent phase 
measurements were made of the shutter, PVF2 detector, and associated detector electronics. 
These phase contributions were deconvolved to obtain the phase shift due to the presence of 
the sample. From this phase shift, known sample thickness and modulation frequency the 
diffusivity of the sample was calculated using a one dimensional single layer heat flow 
model. 
HEAT FLOW MODEL 
The heat flow in a single layer, assuming periodic heating on one surface and no 
convection losses is described by the equation 
2 
a T(x) 
ax2 
iro 
- -T(x) 
a 
with boundary conditions: 
and 
F=K aT (x) 
ax for x = 0 
for x = I 
(1), 
(2), 
(3) 
where I is the layer thickness, ro is the angular excitation frequency, ex is the thermal 
diffusivity, T is the temperature and K is the thermal conductivity of the sample. A solution 
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from equations (1-3) can be used to calculate the phase difference between the source 
modulation and the temperature of the back surface. This phase difference is found to be, 
.r;;, -12 I p. .r;;, 
<1> = ~ + ~ P 1- tan -\ e sm ( y 21 P ) ) 
4 2 -121 p 
e cos(fIlp)-l (4) 
where 
p=~ 
(5) 
Taking equation 4 and plotting for a typical thickness of .254 cm reveals the phase 
sensitivity to diffusivity increases as the modulation frequency increases. This graph is 
shown in figure 2. 
FVFMODEL 
A one dimensional solution to the heat flow through a laminated slab of fiber and matrix 
is obtained from [3]. Where the heat flow is perpendicular to the fiber and matrix. The 
equivalent heat capacity is denoted using the law of mixtures as 
( pc) avg =( f) ( p C hber + (1 - f) ( pc) matrix (6) 
where p is the density, c is the specific heat and f is the FVF. An equivalent average 
conductivity is given as 
[ (f) (1_f)]-1 k avg = -- +---
k fiber k matrix (7) 
where k is the thermal conductivity. From (6) and (7) the effective one dimensional 
diffusivity is calculated as 
k avg 
ex effective = (p ) 
c avg. (8) 
This result enables one to approximate an equivalent diffusivity from a laminated slab so 
that solutions for a homogeneous slab can be used. Table 1 shows the values used in 
equation (8) obtained from [4]. The relationship between diffusivity and FVF is plotted in 
figure 3. The thermal diffusivity of the fiber is about two orders of magnitude greater than 
the matrix diffusivity. The graph indicates as the amount ofFVF increases the diffusivity 
increases. 
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Figure 2. Phase plotted as a function of heating frequency and diffusivity. 
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Table 1. Model material property values. 
PROPERTY FIBER MATRIX 
HEAT CAPACITY 1.3875 2.162 J I cm"3 - C 
THERMAL 
CONDUCTIVITY 1.73 .0027 
W/cm-C 
DIFFUSIVITY 1.24 .0012 
CM"2/sec 
FVF SAMPLE PREPARA nON 
The samples were 16 and 32 ply composite plates with lay ups of [0/90] 4s and [0/90] 
8s. The target FVF's were 40, 50, 60, 65, and 70 percent. The low FVF samples were 
fabricated by using a cast film of resin which was laid with the tape. The 65 and 70 percent 
FVF were fabricated by prebleeding the plies before curing. A press curing system was 
utilized for consistent thickness. The plates were 12 x 12 inches in size and were sectioned 
into three sub plates two 6 x 6 and one 12 x 6 inches. Destructive test coupons were 
obtained at the middle and opposite comers of each plate to determine the FVF. Using this 
manufacturing technique it was hoped that the plate FVF would be consistent. This was 
not the case, however as the FVF varied throughout the plates, especially for the higher 
FVF plates. 
MEASUREMENT APPROACH 
As shown from figure 2 the higher the heating frequency the more sensitive the 
measurement is to diffusivity. It is important to note, however, that the magnitude of the 
measured temperature oscillation is heavily attenuated as the thermal wave frequency 
increases. To estimate the heating frequency the thermal diffusion length was used. The 
thermal diffusion length is defined as (2 a. 0»1\ 1/2 [5]. This length was chosen to be 
approximately on the order of the samples thickness by adjusting the heating frequency. 
For example, for a 16 ply composite .137 cm thick and diffusivity of .00492 cml\2/sec the 
heating frequency was chosen to be .7 hertz. The measured phase lag was 207 degrees. 
The phase lag values ranged from 180 to 300 degrees for all the measurements. For a 
known thickness and measured phase, equation (4) was used to compute diffusivity. 
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Figure 3. Model prediction of diffusivity changes due to FVF. 
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Table 2. Measurement values. 
DIFFUSIVITY 
THICKNESS MEASURED STANDARD LITERATURE MATERIAL DIFFUSIVITY DEVIATION VALUE em emA2 / see cmA2 / sec 
STAINLESS 
STEEL 
.678 .045 +/- .0022 .040 
PLEXIGLASS 
.239 .001 +/- .000042 .001 
Diffusivity measurements were made on stainless steel and plexiglass samples for system 
verification. The results are shown in table 2. The diffusivity value of steel was obtained 
by averaging six measurements and the diffusivity value of pIe xi glass was obtained by 
averaging three measurements. Since the diffusivity of steel is alloy content dependent, the 
difference between the literature value and measured value was not a concern. 
RESULTS 
Single point diffusivity measurements were performed on each of the FVF plate 
samples. The field of view of the detector was 10 mm in diameter and therefore at the 
measurement location a 0.79 em square area was cut out for the destructive tests. The 
destructive test followed the ASTM D-3171 procedure. The samples were digested with 
sulfuric acid and 30% hydrogen peroxide. The FVF model was compared with the 
destructive test results by comparing the predicted diffusivity with the measured diffusivity. 
This is shown in figure 4. The percent relative uncertainty for an average of five 
measurements was no greater than 1.4 percent with the majority being under 1 percent. 
The time required for each diffusivity measurement was about 2 minutes. The diffusivity 
values are slightly higher than the model. Another way of displaying the data in figure 4 is 
to use the model and compute the FVF from the measured diffusivity. This is shown in 
figure 5 where the measured FVF is plotted with the destructively determined FVF. The 
thermally measured FVF is typically slightly higher than the destructive test results. 
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Figure 4. Model compared with measured diffusivity as a function of destructively 
obtained FVF. 
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Figure 5. A comparison of thermally predicted FVF with the destructive test FVF results. 
DISCUSSION 
This technique shows potential for estimating the FVF nondestructively. In figure 5 the 
measured values appeared to be slightly higher than the destructive test results. This may 
be the result of the matrix conductivity being slightly higher than the value found in the 
literature. Also the model did not take into account porosity. Shown in figure 6 is the 
FVF difference between the thermally measured and destructive test result for each 
measurement point. Also shown is the destructively determined porosity percentage. 
Prebleeding the plies to produce higher FVF' s tended to introduced significant porosity 
levels. The porosity volume fraction would tend to cause the FVF measurement to be 
increased for the lower FVF and decreased for the higher FVF since the diffusivity value of 
air is between the matrix and fiber diffusivities. 
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Figure 6. The FVF difference between the thermally measured and destructive test plotted 
with destructively determined porosity. 
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Future work would require the determination of the resin thennal conductivity. The 
value used in this study was a general literature value. A more desired value may be 
obtained by measuring the thermal conductivity directly for the specific resin used. 
Incorporating porosity into the model would also improve the accuracy of the FVF 
measurement if the porosity can be determined independently by an optical or other 
technique. Lastly, the study and comparison of this technique to ultrasonic techniques is 
desired. 
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